Abstract-Global Navigation Satellite Systems signals can be used in bi-static radar systems in order to get altimetric measurements. With a single classic GNSS ground-based receiver processing the combination of the signals coming directly and after one reflection to the receiving antennas, the Interference Pattern Technique allows the computation of the height of the reflecting surface. In this case, the observed parameter is the Signal to Noise Ratio of the received composite signal, which oscillates at a frequency proportional to this height. However, the signal recordings are generally very long since the accuracy of the SNR frequency estimation is proportional to the variation of the satellite elevation during the observation interval. In this article, we propose a calibration technique that allows reducing the observation duration while keeping a centimeter accuracy performance. The proposed technique is tested on both synthetic and real data.
I. INTRODUCTION
Since the first use of Global Navigation Satellite Systems (GNSS) signals for measuring the height of the oceans [1] , GNSS-Reflectometry (GNSS-R) has become a wellestablished technique for Earth observation. Several applications have been studied, including the characterization of sea surface roughness [2] , salinity [3] and temperature [4] ; soil moisture estimation [5] and snow depth retrieval [6] . These applications are especially useful for coastal or wet area monitoring, or for avalanche prediction. In these local cases, ground-based or low-altitude airborne reflectometers are favored over spaceborne ones in order to get smaller antenna glistening zones and higher precision in the reflecting surface parameters estimation. Some of the advantages of using GNSS signals as signals of opportunity for bi-static radar measurements include the precision, the stability and the low sensibility of these signals to atmospheric perturbations, the global covering of the existing constellations over time and space, as well as the availability of several reflection observations at the same time. Several approaches have been proposed for ground-based altimetric measurements using GNSS signals. The interferometry method firstly proposed for spaceborne application [1] has been more recently tested with antennas located on a bridge [7] . In this technique, the direct and reflected signals are correlated so the correlation peak delay reflects the range delay. However, directional GNSS antennas have to be used in order to observe a single satellite signal, preventing merging the observations of several footprints located at different heights. A second technique relies on phase ranging techniques: the phase delay between the direct and the reflected signals can be used to determine the vertical height of the reflecting surface [8] . However, phase ranging requires either an ambiguity resolution, which usually relies on multiple differences approaches (e.g. using several receivers), or long signal recording [9] . A third technique, named Interference Pattern Technique (IPT), relies on modeling the signal to noise ratio (SNR) oscillations in the composite direct plus reflected signal with the reflecting surface height [10] . These oscillations are indeed directly related to the cosine of the phase difference between both signals, thus to the path difference, and to the satellite elevation angle. The knowledge of these two parameters allows computing the reflecting surface height. However, long recording durations are generally needed for the IPT as well. In this article, we propose to use a calibration technique that allows reducing the measurement duration in the IPT. It consists in moving vertically the receiving antennas in order to obtain fast SNR values of the minimum and maximum, so the observed oscillations for a constant height can be calibrated. Afterwards, the SNR frequency of oscillation, directly related to the distance to the reflecting surface, can then be estimated on a fraction of one period. We also propose an original experimental framework using two antennas, both receiving the signal coming directly from the GNSS satellite in order to precisely know the full system geometry and to assess the height estimation. The paper is organized as follows. After this introduction, we state the height retrieval problem using the IPT approach in the second section. The third section is dedicated to the proposed techniques, including the calibration of the SNR, the SNR oscillations frequency estimator and the proposed experimental framework. The fourth section presents the results obtained on both synthetic and real data. The last section concludes the paper.
II. PROBLEM STATEMENT
The geometry of a ground-based GNSS altimeter is shown on Figure 1 . In this case, the Earth curvature can be ignored. In Figure 1 , θ s el represents the elevation angle of the satellite, Δx s is the horizontal distance between the antennas and the specular reflection point. h is the common height of the two antennas used for sensing the direct and reflected signals, respectively in right hand circular polarization (RHCP) and left hand circular polarization (LHCP). Multiple satellite signals can be used, depending on the location of the associated specular point on the observed surface.The direct and reflected signals coming from a GPS-L1 satellite s can be modelled as
where A 
In the case of an static, ground-based receiver, the code delays and carrier frequencies can indeed be assumed to be the same for the direct and received sampled signals. It has been shown in [11] that
where f L1 is the GPS-L1 carrier frequency and h is the height between the antennas and the reflecting surface. c is the signal propagation speed, namely the speed of light. As presented in [11] , the sampled global signal S s G [n] can be also expressed as
with T chip the code chip period and:
The carrier to noise ratio C/N 0 of a GNSS signal can be estimated after the demultiplexing and demodulation stages. The C/N 0 is proportional to the amplitude A s G of the received signals. Equation (8) links the amplitude to the cosine of the phase delay between the direct and reflected signal. Equation (4) shows that the phase delay varies proportionally to the sinus of the satellite elevation, with a frequency 4π fL1 c h. Consequently, the amplitude of the received signal will oscillate with a frequency proportional to the antenna height.
In order to be able to estimate the frequency of the amplitude oscillations, i.e. the frequency of cos(φ 2 for three different values of θ s el 0 . For example, for an antenna height of 2 m and for any initial elevation, one period of oscillation will be observed for a variation of elevation of at least 2.8
• . For a mean satellite elevation speed of 5.10 −3 • /s, this corresponds to 9 minutes and 20 seconds of signal observation (i.e. 560 seconds). In the next section, we firstly propose a calibration method for the evolution of A s G , which can then be modeled with the signal frequency as the single unknown parameter. We then build an estimator based on this calibration to provide a frequency estimate with no restriction on the observed duration of the signal, meaning a fraction of one period of the signal can be used.
III. PROPOSED APPROACH

A. Calibration of the GNSS signal amplitudes
Equation (4) R ) respectively equal to −1 and 1. We propose a calibration procedure based on fast variations of the antennas height to observe these minimum and maximum values during short signal observation times. In this case we have:
Then, by adding the two expressions, we obtain: 
We show on In the next section, we propose an estimator for the frequency of cos(φ 
B. Frequency estimation
For each satellite, the GNSS receiver provides noisy C/N 0 measurements from which we can obtain noisy A s G measurements [13] . Let us define y s [n] as the n th measurement of A s G . Then, we have: 
When the model corresponds to the true phase, we have:
Finally, with Equations (12) and (13), we can write:
The satellite elevation can be obtained from the current GPS satellites ephemeris and from the estimated position of the receiver, both being provided by the GNSS receiver. A 
This estimation is highly non-linear due to the presence of sine and cosine functions within the expression of cos(φ s,model R
[n]). Thus, we can estimate β by using a brute force approach, i.e. by testing its possible values in a interval bounded by a minimum and a maximum expected height. The expected accuracy will obviously depend on the employed step of search of β and on the number of observations. The expected accuracy is also function of the relative satellite-receiver geometry. The influence of the satellite elevation and of the satellite elevation variation rate will be evaluated in the synthetic data experiments, described in Section IV-A.
C. Experimental framework
In order to accurately assess the proposed method on real data, we developed an original experimental setup in which we aim to measure the height difference between two antennas, one of them simulating the specular point. This height can be estimated using the calibrated IPT. The advantage of the proposed setup is that the whole system geometry, including the height to estimate, are precisely known. The relation between the height difference of the two antennas and the frequency of the variations of the GNSS signal power has to be redefined for this special case. We show the geometry of the experimental framework Figure 3 . For a height h between the two antennas, and for the satellites in the vertical plane containing the two antennas, we have:
where I is the distance between the two antennas, a s is the path difference between the two GNSS signals and θ i is the angle between the two antennas and the ground. This method is only valid for satellites with an azimuth close to the direction of the experimental setup. The direction of the experimental setup is defined by the vector that connects the two antennas and is constant during the experiment. We can thus write:
with:
where arctan * () is the four-quadrant inverse tangent. Finally, it follows that
and the phase φ s R can be written as The aim of the experiments using synthetic data is to measure the expected accuracy of the proposed technique in the true reflectometry case (Figure 1) . We generated these synthetic data for a constant direct signal C/N 0 of 50 dBHz. The power ratio between the reflected and the direct signals A 2 r /A 2 d was set to 70% for all satellites. In LHCP, this corresponds to a minimum reflection coefficient on a smooth water surface with an elevation angle higher than 15
• [12] . The height difference h between the two receiving antennas was set to 2 m. h was searched with a step of 1 mm in a bounded interval. Figure 4 shows the variations of 4 satellite elevation angles over 60 minutes for a real scenario observed in Calais the 2nd of October 2013. Figure 5 shows the corresponding elevation variation rates. The observations were taken once per second. In Figure 6 we present the root mean square error (RMSE) of the estimated height, computed each minute after 600 seconds of observation. According to section II, this duration of observation corresponds to the minimum time required to observe one complete oscillation period of the signal for an initial satellite elevation close to 50
• . One can observe two effects related to the satellite elevation. First, for satellite 19, low elevation variation rates show an important increase of the RMSE, which reaches values of more than one meter. Second, for satellites 3 and 27, and compared to the case of satellite 6, high elevation values imply centimeter levels of additional errors. These problems are linked to the presence of the elevation in Equation 18. We report in Table II the RMSE of the estimated height for satellite 6 at 14h01 as a function of the signal C/N 0 and of the number of considered samples. These results correspond to an optimal satellite-receiver geometry as defined previously in Figure 6 . In this context, a complete oscillation period of the measured signal amplitude is observed after approximately 800 s. The results show the consistency of the estimator: as expected, longer observation times and higher C/N 0 result in lower RMSE. Centimeter accuracy can be expected for signals with a C/N 0 above 45 dB-Hz, even for an observation of 400 s.
h 
B. Real data
For the real data experiment, we implemented the experimental framework proposed in Section III-C. Figure 7 shows the vehicle carrying the whole altimeter on the left and the telescopic mast used for the calibration process on the right. The first direct antenna was located at the top of a mast that can go up to a height of 10 m. The second direct antenna was fixed on the roof of the car. The direction of the vehicle defines the direction in which satellites can be used as emitter for our bi-static radar. The horizontal distance between the two antennas was set to Δx = 1.92 m. Knowing the height difference between the antennas, one can derive the value of θ i and assume that the whole system geometry is precisely known. The aim of the experiment is to obtain the height difference between the two antennas from the cosine evolution of the observed GNSS signal amplitudes. Figure 8 shows an example of C/N 0 evolution as a function of sin(θ el + K 0 ). In this figure, we differentiate two stages: the calibration step, in which the telescopic mast is used to change the antennas height difference, and the observation step, in which the antennas height difference is kept constant. In the experimental setup, the calibration is realized at first with an antenna height variation of dh = 0.5 m. In accordance with the Sections III-A and III-C, we chose to exclude all the satellites with a low elevation and/or an azimuth distant from the direction of the vehicle. The height difference is estimated during the observation step using one half-period of the signal amplitude oscillation. We present in Tables III and IV On the 25th of September 2013 experiment, the reference height difference was fixed at h = 2.15 m and the azimuths of satellites 3, 6, 16, 19 and 27 reach the direction of the experimental setup. We can see in Figure 9 that satellite 19 has an elevation lower than 15
• and that satellite 16 reaches an azimuth angle close to the direction of the vehicle only at the beginning of the experiment, i.e. during the step of calibration. Satellites 3, 6 and 27 were considered usable.We report in Table III the height estimated using the proposed method. The results show differences with the reference height inferior to 2 cm. On the 2nd of October 2013 experiment, the reference height difference was fixed at h = 1.70 m and satellites 3, 6 and 27 were at approximately 15
• of azimuth angle with respect to the direction of the experimental setup. The estimated height obtained for these satellites presents, as shown in Table IV , differences with the reference height between 5 cm and 10 cm. With the results reported in Tables III and IV, we can conclude that centimeter accuracy was reached for the visible satellites close to the direction of the experimental setup. It also appears that the considered satellites that were the more distant from the setup direction provided the worst results (satellites observed the 2nd of October). This observation only shows the limitation of the proposed experimental setup and would not affect the results in a real reflectometry experiment.
V. CONCLUSION
This article proposes an original interference pattern for the estimation of the height of a reflecting surface, using a single GNSS receiver. The processed signal is the combination of a direct GNSS signal with the same signal received after reflection on the surface. We have shown that the amplitude of the resulting signal oscillates with a frequency proportional to the height of the surface. The proposed estimator of this frequency is based on two steps: a step of calibration and step of estimation. The calibration provides the minimum and maximum values of the signal amplitude to the estimator. This allows modeling the amplitude of the signal with a single unknown parameter: the height of the reflecting surface. The aim is to reduce the observation time needed to produce a precise altimetric measurement. In this work, we have also proposed an experimental framework that uses two direct signals in order to allow the evaluation of the precision of altimetric measurements with real data. The advantage of this framework is that we have full knowledge of the system geometry. Using synthetic data we have shown that the proposed height estimate is consistent with the number of observations and with the power of the GNSS signal. We have also shown that the expected accuracy is a function of both the satellite elevation and the satellite elevation variation rate and that, by using the proposed method, less than one period of the signal amplitude oscillation is required in order to estimate the height. Finally, the results obtained using real data were consistent with the ones obtained using the synthetic signal and showed that the proposed technique can provide centimeter accuracy.
